Optimization between the PV and the Retired EV Battery for the Residential Microgrid Application  by Li, Shuchun et al.
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Applied Energy Innovation Institute
doi: 10.1016/j.egypro.2015.07.537 
 Energy Procedia  75 ( 2015 )  1138 – 1146 
ScienceDirect
Optimization Between the PV and the Retired EV Battery for  
the Residential Microgrid Application 
Shuchun Lia,b,c, Hongwen Hea ,Yong Chenb,c,Min Huang b,Chunhua Hud 
 aNational Engineering Laboratory for Electric Vehicles, Beijing Institute of Technology, Beijing, 100081, China 
 b
 Beijing Information Science& Technology Universityˈ100192ˈBeijing, cCollaborative Innovation Center of Electric Vehicles in 
Beijingˈ100192ˈBeijingˈdZhenjiang College, Zhenjiangˈ212003ˈJiangsu,China 
Abstract 
This paper presents a study on the the retired EV(electrical vehicle) battery in residential microgrid. Firstly, an 
optimal control theory based algorithm is proposed to determine the optimal application of the battery pack for a 
residential house equipped with a roof-top PV system. This first goal of this algorithm is to minimize yearly operation 
cost of this battery-PV system. The second goal of this algorithm is to optimize the size of the PV-pannel in the 
system.The household load is modeled using probabilistic method in the Energy Management Strategy(EMS) to 
extend its applicable range.  
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1. INTRODUCTION 
With the development of electrical vehicle technology , there will be a large number of battery packs 
retired eventually from electric those vehicles (EVs) and plug-in hybrid electric vehicles (PHEVs) [1]. 
The battery pack will be replaced from the vehicle when the capacity level drops to 80 % [2]. Although 
these retired  batteries cannot meet the vehicle power and capacity requirements, they still have 
substantial functional life and can be used in other applications such as the energy storage unit in a 
residential microgrid equipped with PV system. This could greatly increase the total lifetime value of the 
battery packs and bring economic benefits to  both of the power consumer and EV/HEV manufactures. 
To operate this system efficiently, the optimal usage profile of the battery pack and the size of the PV 
system need to be investigated. 
Some studies have investigated optimal battery usage profile . [1]-[2] studied the usage optimization of 
the Retired PHEV and HEV, however, the battery model is a simple based model which will not represent 
battery's actual behavior. [3]-[5] studied the battery usage profile for improved utility grid operations, and 
in [9], an energy management strategy is designed to gain the maximum economic profit for a residential 
house with PV system. In these papers, the battery size can be changed continuously. The size of the PV 
system is fixed and the cost is not considered in the cost function. [10] and [12] consider the optimal 
sizing of energy storage with renewable energy to minimize the electricity bill, but the electricity price is 
fixed or based on a Time of Use Rate. However, the scenario discussed in these papers is different. On one 
hand, the size of the battery pack is fixed since it is directly taken from the EV. Considering that the 
typical power level of a residential house is in the range of several kilo-Watts, a single battery pack 
already has a comparable power and energy level for this application. On the other hand, since the price of 
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the PV system is relatively high, the size of PV system needs to be considered to achieve a minimized 
overall system cost. 
In the meantime, Distributed Energy Resource(DER) sizing is highly depending on the annual power 
consumption level and load profile of target residential microgrid. Simulated or predicted residential load 
profile is usually applied in large scale residential usage optimization. For example, paper [13] and [14] 
utilize simulated daily and monthly community load profile for the large scale distributed energy source 
sizing and energy storage unit sizing. On the other hand, DER sizing algorithm proposed by paper [5] and 
[15]shows that complete long term historical data of household-level load demand is the prerequisite to 
obtain overall optimal result for a very small scale residential microgrid. However, those high resolution 
historical data is not always available. A probabilistic household load demand model is utilized in this 
study to avoid this information restriction. The proposed model can simulate the load demand of target 
residential load for entire year based on local temperature data. 
In addition, most of current researches on the retired battery pack is focused on the theoretical study.  
Though a second use battery field test is performed at University of California, San Diego [10], the 
experimental  integration  of  the  retired  battery  pack  for residential applications has not been 
thoroughly studied yet. Feng Guo and He Li [1]-[2] provided a comprehensive study on the deployment of 
the retired PHEV battery in residential application with a simple battery model which is not enough for 
the study.  
In this paper, We used a better EV battery model[5] and an algorithm for determining the optimal 
usage profile of the retired EV battery and optimal size of the PV system for a residential microgrid is 
presented with the new battery model. Section II introduces the data input and optimization strategy of the 
EMS,. At the same time, it shows how to improve the EMS performance by utilize the household load 
modeling method. In section III, conclusions and the plan for future work are given. 
2. BATTERY USAGE PROFILE OPTIMIZATION AND PV SIZING 
2.1. Overview of the proposed optimization algorithm 
The case study in this paper is a residential house equipped with a retired battery pack and a roof-top 
PV system. It should be emphasized that the this algorithm is not limited to the particular system but can 
be applied towards wide circumstances for battery usage profile optimization with different renewable 
energy resources.. 
In the proposed optimization algorithm, an EMS(Energy Management System ) is first developed to 
gain the maximum economic profit of the battery energy storage unit at a fixed size of the PV system. It is 
based on the minimization of the yearly energy cost, which is reflected by the following equation 
t=0
( ) {[ ( ) ( ) ( )] ( )} ,
N
EnergyCost PV Load PV Battery PriceC S P t P t P t E t state   u¦                       (1)  
where PVS  is the size of the PV system, measured in kW; N is the total number of sequential time 
steps, ( )LoadP t , and ( )BatteryP t  represent the power requirement of the load, the power obtained from 
the PV system, and the power extracted from the battery pack as a function of time, respectively; 
 ( , )PriceE t state  is the electricity price per kilowatt-hour (kWh), which is set by the utility company 
and assumed to be independent of renewable energy generation. 
1140   Shuchun Li et al. /  Energy Procedia  75 ( 2015 )  1138 – 1146 
After the energy cost is minimized by the EMS, the optimization algorithm evaluates the tradeoff 
between the value that PV and energy storage system create and their capital cost. It searches for the 
minimum of the following cost function with different sizes of the PV system, 
( ) ( ) ( ) TotalCost PV PV Battery EnergyCost PVC SPV C S C C S                              (2)              
where ( )PV PVC P  and BatteryC  are the yearly prorated installation/maintenance cost of the PV system 
and battery energy storage unit, respectively. 
In sum, the proposed algorithm contains four steps: 
(1) After the profiles of load, irradiance, and kWh price are collected, set PV size to be 0 as a starting 
point and the SOC<80%. 
(2) Apply the EMS to minimize (1), 
which results in a minimized 
yearly cost for the picked PV size. 
Basically, the EMS will determine 
an optimal charging/discharging 
profile for the battery pack to 
achieve the minimum electricity 
purchase from the utility grid, i.e., 
when the electricity price is high, 
the battery pack will send power 
to the grid, whereas when the 
electricity price is low, the battery 
pack will absorb power from the 
grid. 
(3)  Linearly increase the PV size, 
and repeat step 2) to form a curve 
that shows the relationship 
between the size of the PV system 
and total yearly cost. An optimal 
PV size will be identified as the 
minimum in this curve. 
(4) At the optimal PV size, run 2) 
again to obtain the optimal usage 
profile of the battery. 
The calculation flow chart of the 
proposed optimization algorithm is shown 
in Figure 1. 
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Fig. 1. Calculation flow chart of the proposed optimization 
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2.2. The developed Energy Management Strategy 
The objective of the proposed EMS is to gain the maximum economic profit for the facility over a 
period of one calendar year.  It utilizes a non-linear optimal control tool (BLOM) [11] to minimize the 
cost function shown in (1). Models of the battery energy storage unit and PV system are incorporated in 
the EMS; irradiance, load profile, and electricity price information are utilized as the model input. 
(1) Battery energy storage unit model 
The battery energy storage unit is one of the core parts of the system. In order to optimize the battery’s 
charge and discharge state during the energy conversion, the following constrains are taken into 
consideration in the proposed method in this paper: a) the battery’s state of charge˄SOC c˅an not be less 
than SOCmin; b) the charge rate rch and the discharge rate rdch cannot exceed the limited value; c)the charge 
and discharge current Ich and Idch can not exceed the maximum value Ichmax and Idchmax, respectively; d) the 
charge and discharge power Pch and Pdch are within the maximum value; e)the battery’s charge/discharge 
cycles Nc can not exceed the limited value Ncmax, in a scheduling period, where Nc is defined as follows: 
Nc will add once when the battery is charged from one state(i.e., SOC=x, SOCminİxİ100%) to full 
state(i.e. SOC=100%) and then discharged to the same state(i.e., SOC: xė100%ėx). 
According to the principles above, the battery’s charge and discharge state is constrained as follows:     min maxSoC SoC t SoCd d                                                      (3)  
_ _r r , r rch ch R dch dch Rd d                                                         (4) 
max max,ch ch dch dchI I I Id d                                                         (5) 
_ _ max0 bs ch bs chP Pd d                                                             (6)  
_d _d max0 bs ch bs chP Pd d                                                            (7)  
maxC CN Nd                                                                     (8)  
The power loss during battery charging/discharging is considered in the model, which can be 
expressed by the following relationship[5,6,7,8] 
 
Fig. 2.  Battery Model 
 
0 1 (
1
SOCVOC K K ln
SOC
    ˅                                                  (9)                    
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A retired EV battery pack is utilized in this study. The initial energy capacity is ECBattery=7.6 kWh. 
At the time of retirement from the vehicle, it still has 80 % of the capacity left. 
During operation, the Sate of Charge (SOC) of the battery pack should be within certain limit at any 
time, which can be expressed as 
   min maxSoC SoC t SoCd d                                                    (10)  
where minSoC  and  maxSoC  are the lower and upper SOC limit, and set to be 20% and 80%, 
respectively. 
The power loss during battery charging/discharging is considered in the model, which can be 
expressed by the following relationship 
  PBattery= V OC xI(t) –I2 R 2 –I 1 2 R1                                         (11)  
where VOC is the open circuit voltage, I(t) is the current and R2 is the internal resistance of the battery 
pack. By the experiment, VOC and R2 are chosen as 334 V and 0.1 Ω, respectively. 
The estimated installation/maintenance cost of the battery energy storage unit consists of the retired 
battery pack and the power electronics circuit. The cost of the retired battery pack is proportional to the 
energy capacity, while the cost of the power electronics circuit is proportional to the maximum power level. 
The yearly prorated installation/maintenance cost of the unit can be calculated as 
_
_
C Battery Battery Battery max
Battery
PE
Battery max
CT EC CT P
LT
                                                (12)  
where CTBattery is the cost of the retired battery pack per kWh, and CTPE is the cost of the power 
electronics circuit per kW. They are assumed to be $100/kWh and $260/kW, respectively. LTBattery is the 
life time of the unit, and is assumed to be 10 years [1]. 
(1) PV system model 
A simplified PV system model is utilized in the proposed EMS. It is assumed that the output power of 
the PV system is only determined by the irradiance and not influenced by the temperature,  
_max
_max
(t) , (t)
_ maxP (t)
, (t)
rr
PV rr rr
PV
PV rr rr
I S whenI I
Irr
S whenI I
­ ° ®° t¯
                               (13)  
where Irr(t) is the irradiance at time t. Irr_max is the saturate irradiance, and is set to be 1000 W/m2; and 
SPV is the size of the PV system, which is measured in kW and varying during each calculation step. The 
maximum size of the PV system is set as SPV_maxx=10 kW. 
The estimated installation/maintenance cost of the PV system consists of the PV panels and the power 
inverter, which are both proportional to the size of the PV system. Therefore, the yearly prorated cost can 
be calculated as 
(  )  C PV Inverter PVPV
PV
CT CT S
LT
 u                                          (14)  
 where CTPV is the cost of the PV panel per kW, and CTInverter is the cost of the PV inverter per kW. They 
are assumed to be $ 1.85/W in total (with government incentive).  LTPV is the life time of the PV 
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system, and is assumed to be 25 years.  
 
Fig. 3. Example of the irradiance profile             Fig. 4.   Example of the retail electricity price
The irradiance profile is needed to decide the output power of the PV system at any given time. 
One-year irradiance data are collected with a time interval of 1 hour [16].  As an example, the irradiance 
profile of May 1st is plotted in Figure 3. 
(2) Electricity price 
Real-time electricity pricing strategy is utilized in this study. The price information is collected from a 
utility company [17] and updated every hour. In addition, it is assumed that the utility company will pay 
the customers for the energy feedback to the grid, when the output power of PV system and energy storage 
unit are higher than the load power. However, the retail price, which is the price that the utility company 
sells the electricity to the customers, is twice the purchase price, which is the price that the utility 
company buys the electricity from the customers, as reflected in the cost function 
Re Pr
Pr
(t,0) E (t)
(t,1) E (t)
Price tail ice
Price Purchase ice
E
E
 ­®  ¯
                            ˄15˅ 
Where  
0, (t) P (t) P (t) 0
state
1, (t) P (t) P (t) 0
Load PV Battery
Load PV Battery
whenP
whenP
  !­ ®   ¯
                                 (16) 
And 
     2RetailPrice PurchasePriceE t E t                                             ˄17˅ 
As an example, the daily retail price in March 1st is plotted in Figure 4. 
(3) Residential load 
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The historical residential load demand in one year is obtained from a utility company. It is collected 
from an anonymous customer and updated every hour. At the same time,   a   novel   probabilistic   
load   demand   forecasting procedure has been developed to extend the applicable range of proposed 
EMS. As an example, a single day (May 1st) load demand predication for a typical household in Middle 
 
Fig. 5. Example of predicted and historical load demand 
By extract target house’s power consumption event distribution  pattern  from  historical  
data,  future  load demand of the target house can be forecasted. Firstly, data collection is performed 
and data is pre-processed. Secondly, the inputs of the forecasting including local temperature information 
are defined. Finally, based on the load data, two household load demand  forecasting  models  of  
the target  house  will  be  identified  for  weekdays  and  non- workdays, respectively. 
2.3. Optimization results 
The simulation result to determine the optimal size of the PV system is shown in Figure 6. It can be 
noted that when PV size is 2 kW, the yearly cost is minimized. 
  Fig. 6. Total yearly cost with different PV sizes         Fig. 7. Example of the battery pack’s optimal usage profile 
With all the aforementioned information, the optimal battery pack usage profile can be determined. 
The calculation step is set to be 1 hour. An example of the optimal usage profile of the battery pack in 
March 1st is shown in Figure. 7. Compared with the electricity price information shown in Figure 4, it can 
be seen that when the electricity price is low, the battery is charged, while when the electricity price is high, 
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the battery is discharged. These cycles are repeated multiple times in one day to gain the maximum 
economic profit. 
3. CONCLUSIONS AND FUTURE WORK 
In this paper, an algorithm for determining the optimal usage profile of the battery pack in a residential 
house is proposed. In the future a hybrid microgrid testbed should be configured to test the algorithm. 
The proposed EMS and the testbed could be utilized to evaluate the performance of EV batteries in 
residential applications as well as different microgrid control strategies. 
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